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N-PHASE INTEGRATED BUCK CONVERTER 

Inventors: Jeffery James Olsen 
Ferdinand Jacob Sluijs 

BACKGROUND OF THE INVENTION 

The invention relates generally to semiconductor integrated circuit (IC) devices 
and more particularly, it relates to buck converters. 

Buck converters are used to convert a higher voltage to a lower voltage suitable 
for use with, for example, a microprocessor. A buck converter typically operates using 
a clock, whereby an inductor is charged during a first portion of a clock cycle ("charging 
phase") and operates as a current source during the second portion of the clock cycle 
("discharging phase"). Recently, buck converters have evolved into multi-phase buck 
regulators. A conventional multi-phase buck converter allows multiple low currents to 
be delivered via the multiple phases respectively. The sum of the inductor currents is 
provided as an output. Such a conventional multi-phase converter suffers from a 
serious drawback in that the different phases must not overlap each other. Otherwise, 
the controller cannot distinguish among the inductor currents generated, resulting in 
unstable or ineffective control. Non-overlapping phases result in much slower response 
time for high current output. Therefore, a conventional multi-phase converter generally 
cannot include more than a few phases. 
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Conventional multi-phase converters also suffer from the limiting factors 
associated with the discrete implementation, including response time, efficiency and 
cost. Response time is generally longer in discrete circuits due to large distances 
between the discrete circuit components, which result in a large time constant. Low 
5 efficiency is also associated with discrete circuits because of high switching losses. 
Discrete circuits are also more expense than integrated circuits. 

Therefore, there is a need for an improved buck converter with superior 
* performance. 
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SUMMARY OF THE INVENTION 

The present invention provides a solution that addresses all of the limiting factors 
in the discrete buck converter. According to one embodiment of the invention, an n- 
phase integrated buck converter is provided and comprises a controller and a plurality 

5 of circuits each operably connected to the controller. The controller and the plurality of 
circuits are integrated. The controller generates a plurality of drive signals to control the 
plurality of circuits respectively, the plurality of drive signals each having an associated 

D phase. 

is j 

SJ According to one aspect of the invention, the plurality of circuits generate a 

N> plurality of current signals respectively and an output voltage signal. 

a 

=5 : 

p According to another aspect of the invention, the output voltage signal is fed 

Q back to the controller. The controller comprises a duty cycle control circuit that 

ry 

compares the fed-back output voltage signal with a pre-selected reference voltage and 
adjusts a duty cycle value of the drive signals based on the comparison to maintain the 
15 output voltage signal at a desired level. 

According to a further aspect of the invention, a sum of the plurality of current 
signals is fed back to the controller. The duty cycle control circuit compares the sum of 
the fed-back current signals with previous value of the sum and adjusts a duty cycle 
value of the drive signals based on the comparison to maintain the output voltage signal 
20 at a desired level. 

3 
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By applying the n phase concept of the invention, the amount of current each 
phase (i.e., each of the plurality of circuits) has to deliver is reduced. This directly 
reduces the conduction losses in each phase. Because the current in each phase is 
iower, a smaiier MOSFET in each of the plurality of circuits may be used. The smaller 
5 MOSFET is easier to switch. Therefore, the switching losses per phase are also 
reduced. Reducing these losses will enable the invention to achieve efficiencies 
greater than the discrete solution since 90% of the losses in the conversion process are 
located in the MOSFETs. 

According to the invention, the response time is shortened by integrating the 
controller with the power train (i.e., PMW drivers and MOSFETs). This integration 
reduces the parasitic inductances and capacitances that limit the converter's ability to 
respond quickly. Integration allows all of the components to become physically closer 
and capable of being switched faster. Faster switching frequencies allow for smaller 
and less passive components. Integration also minimizes the total cost of the 
converter. 

Increasing the switching frequency of the converter not only shortens response 
time but also reduces the size of the output inductors required by the buck topology. It 
may be possible to increase the frequency of the converter to such a point that discrete 
output inductors are no longer required but that the inductance of the package itself 
may replace them. 
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Other objects and attainments together with a fuller understanding of the 
invention will become apparent and appreciated by referring to the following description 
and claims taken in conjunction with the accompanying drawings. 

5 BRIEF DESCRIPTION OF THE DRAWINGS 

The invention is explained in further detail, and by way of example, with 
reference to the accompanying drawings wherein: 

FIG. 1 shows an n-phase buck converter according to one embodiment of the 
invention; 

FIG. 2 shows a block diagram of the controller in the n-phase buck converter 
according to one embodiment of the invention; 

FIG. 3 illustrates an example of overlapping PWM drive pulses and the 
corresponding output current signals; and 

FIG. 4 shows a block diagram of the controller according to a second 
15 embodiment of the invention. 

Throughout the drawings, the same reference numerals indicate similar or 
corresponding features or functions. 
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DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

FIG. 1 shows an n-phase buck converter 10 according to one embodiment of the 
invention. In FIG. 1, buck converter 10 comprises a plurality of, e.g., n circuits 12 all 
connected to an n-phase controller 20. Each circuit 12 includes a control transistor, 

5 e.g., MOSFET 14, a synchronous transistor, e.g., MOSFET 16 and an inductor 18 for 
generating an output current II representing one phase of the n-phase buck converter. 
Although MOSFETs 14 and 16 are shown as n-type MOSFETs, they may also be p- 

K type MOSFETs. 

2 : 

* To operate on each circuit 12, controller 20 switches on control transistor 14 to 

hi allow an input Vin to be coupled to inductor 18 to charge the inductor. After the inductor 

q is charged up, controller 20 switches off control transistor 14 to decouple Vin from 

m 

Ls inductor 18, and switches on transistor 16 to provide a current path and allow the 

Q inductor current to be discharged to the load. The inductor currents generated from n 

fU 

circuits 12 may have up to n phases, as will be described in detail below. The sum of 
15 the inductor currents is provided as an output current lout to a load. In converter 10, the 
output voltage Vout and current lout are fed back to controller 20 for adjusting PWM drive 
signals as will be further discussed below. 

FIG. 2 shows a block diagram of controller 20 according to one embodiment of 
the invention. Controller 20 comprises sample circuits 22 and 24, a duty cycle control 
20 circuit 26, a system clock 28 that provides clock signals to sample circuits 22 and 24 via 
signal lines 21a and 21b respectively, a timer 32, and a pulse width modulation (PWM) 
driver 36. 
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Output voltage Vout and output current lout are fed back to sample circuits 22 and 
24, which perform the standard hold-and-sample functions. Sample circuits 22 and 24 
sample Vout and lout with the system clock signals and convert them into digital pulses, 
i.e., the digital values of Vout and lout. The digital values are provided to duty cycle 
control circuit 26, which stores a digital value of a duty cycle in a duty cycle register and 
makes adjustments to it. The duty cycle is defined as Ton/Ttotai, where Ton is the on time 
of a pulse and Ttotai is the total length of the pulse. 

Duty cycle control circuit 26 makes an adjustment of the duty cycle value 
whenever there is an actual difference between Vout and Vref in order to make Vout equal 
to Vref. Duty cycle control circuit 26 adjusts the duty cycle value based on the 
measurement of Vout compared with a pre-selected reference voltage Vref. For example, 
when Vout is less than Vref, the duty cycle is increased by one step in order to increase 
the output voltage Vout to the level of Vref. The step size is predefined by the duty cycle 
resolution, which is equal to the size of the duty cycle register in the controller. One 
step then is the minimum step in this register, e.g., +1 or -1 in register value, or +1 
(resolution) or -1 (resolution) in absolute duty cycle value. On the other hand, when Vout 
is greater than Vref, the duty cycle is reduced by one step in order to bring down the 
value of the output voltage to the level of Vref. 

Duty cycle control circuit 26 also reacts on an expected output voltage change 
due to a sudden increase or decrease of the output current lout, in order to make Vout 
equal to Vref. Duty cycle control circuit 26 accomplishes this by comparing the digital 
value of lout with a previous value lout stored in control circuit 26 and adjusting the duty 
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cycle value accordingly. For example, when lout is less than the previous value of lout by 
a predefined value, e.g., lenor, the duty cycle is decreased by one step in order to 
reduce the output voltage Vout overshoot and keep it close to the level of Vref. On the 
other hand, when lout is greater than the previous vaiue of iout by, e.g. lerror, the duty 
5 cycle value is increased by one step in order to reduce the voltage drop of the output 
voltage Vout compared to the level of Vref. 

In an alternative embodiment of the invention, only Vout needs to be fed back to 
allow control circuit 26 to adjust the output voltage Vout based on comparison of the 
digital values of Vout with the reference voltage Vref. 

The adjusted duty cycle is sent to timer 32, which generates the PWM drive 
pulses PWM-1 drive, PWM-2 drive, ... PWM-n drive for controlling the n circuits 12, 
respectively. Timer 32 counts the clock pulses and provides the PWM drive signals to 
realize the output pulses corresponding with the duty cycle value. The different output 
pulses of the PWM drive pulses may be overlapping or non-overlapping, depending on 
the duty cycle and the number of the active outputs (i.e., the active circuits 12). 

If the duty cycle multiplied with the number of active outputs is greater than one, 
the PWM drive pulses will have overlapping phases. Overlapping the PWM pulses 
allows high speed switching at circuits 12, thus resulting in high efficiency. 

When the output current lout is below a predetermined value, controller 20 
disables some outputs of circuits 12 to reduce the switching losses. For example, when 
the output power is at a maximum, all outputs of circuits 12 are active. When the 
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output power level drops to less than 50%, half of the outputs can be disabled. When 
the power is again reduced to 25%, the number of active outputs can be reduced to one 
quarter. It should be noted that this example works for multiples of four. Similar 
principles appiy for other numbers of outputs. Thus, controller 20 of the invention can 
5 be adapted for n phases or any number less than n, depending on the application. 

As an example, assume the duty cycle for each output (i.e., each PWM drive 
pulse) is 25% and the total time period is 20 clock cycles. Thus, the on time for each 
H PWM drive signal is 5 (20 x 25%) clock cycles. Also, assume that there are 5 active 
j=j outputs. In this case, the duty cycle (25%) multiplied with the number of the active 

% outputs (5) is greater than 1. Thus, the PWM drive pulses will be overlapping. 

o m 

Li Accordingly, after every 4 clock cycle a new phase (i.e., a new PWM drive signal) 

O starts as follows: phase 1 starts at clock cycle 0; phase 2 starts at clock cycle 4; phase 

m 

M 3 starts at clock cycle 8; phase 4 starts at clock cycle 12; and phase 5 starts clock cycle 

yy 

S 16. Thus, with a duty cycle of 25% and the on time equal to 5 cycles, the overlap of the 

§ y 

15 PWM drive signals is one clock cycle as illustrated in FIG. 3. The duty cycle for each 
output may be adjusted as described above, i.e., it may be increased to 6 clock cycles 
or reduced to 4 clock cycles, depending on the voltage and current measurements. 

The PWM drive pulses from timer 32 are provided to PWM driver 36, which 
controls MOSFETs 14 and 18 of each circuit 12 when an associated ENABLE signal is 
20 activated by duty control circuit 26. 

FIG. 4 shows a block diagram of a controller 40 according to a second 
embodiment of the invention. Controller 40 is a variation of controller 20 in FIG. 2 and 
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performs all functions performed by controller 20. In FIG. 4, in addition to Vout and lout, 
each coil current II is also measured. These current values are digitized by sampling 
circuit 24. Duty cycle control circuit 26 calculates the average value of these current 
values and corrects the duty cycie for one or more outputs (i.e., circuits 12) if one or 
5 more of the current values are too high or too low, e.g., more than a predetermined 
threshold value. This embodiment allows for current sharing to realize equal currents 
through the coils of the active circuits 12. Realizing equal currents gives the highest 
efficiency possible. Further, it limits the current of each output, which may prevent 

Q overcurrent and burning out. 

u 

ty : By applying the n phase concept of the invention, the amount of current each 

M phase (i.e., each circuit 12) has to deliver is reduced. This directly reduces the 

2 

C conduction loses in each phase. Because the current in each phase is lower, a smaller 

i y 

[jj MOSFET in each of the n circuits 12 may be used. The smaller MOSFET is easier to 

H 

m switch. Therefore, the switching losses per phase are also reduced. Reducing these 
15 losses will enable the invention to achieve efficiencies greater than the discrete solution 
since 90% of the losses in the conversion process are located in the MOSFETs. 

According to the invention, the response time is shortened by integrating the 
controller with the power train (i.e., the PMW driver and MOSFETs). This integration 
reduces the parasitic inductances and capacitances that limit the converter's ability to 
20 respond quickly. Integration allows all of the components to become physically closer 
and capable of being switched faster. Faster switching frequencies allow for smaller 
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and less passive components. Integration also minimizes the total cost of the 
converter. 

Increasing the switching frequency of the converter not only shortens response 
time but also reduces the size of the output inductors required by the buck topology. It 
may be possible to increase the frequency of the converter to such a point that discrete 
output inductors are no longer required but that the inductance of the IC package itself 
may replace them. 

While the invention has been described in conjunction with specific 
embodiments, it is evident that many alternatives, modifications and variations will be 
apparent to those skilled in the art in light of the foregoing description. Accordingly, it is 
intended to embrace all such alternatives, modifications and variations as fall within the 
spirit and scope of the appended claims. 
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